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(54) Plasma reactor 



(57) An inductively coupled RF plasma reactor for 
processing semiconductor wafer includes a reactor 
chamber (14) having a side wall (10) and a ceiling (12), 
a wafer pedestal (36) for supporting the wafer in the 
chamber, an RF power source (28 T 30), apparatus (24) 
for introducing a processing gas into the reactor cham- 
ber and a coil inductor (18) adjacent the reactor cham- 



ber connected to the RF power source, the coil inductor 
including (a) a side section facing a portion of the side 
wall and including a bottom winding and a top winding, 
the top winding being at a height corresponding at least 
approximately to a top height of the ceiling, and (b) a top 
section extending radially inwardly from the top winding 
of the side section so as to overlie at least a substantial 
portion of the ceiling. 
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Description 

The invention is related to radio frequency (R.F) in- 
ductively or capacitivety coupled plasma reactors used 
in processing semiconductor wafers, and in particular to 
improvements therein for increasing the plasma ion 
density uniformity across the wafer surface 

Inductively coupled plasma reactors are currently 
used to perform various processes on semiconductor 
wafers including metal etching, dielectric etching and 
chemical vapor deposition, as some examples, in an 
etch process, one advantage of an inductively coupled 
plasma is that a high density plasma ion density is pro- 
vided to permit a large etch rate with a minimal plasma 
D.C. bias, thereby permitting more control of the plasma 
D.C. bias to reduce device damage. For this purpose, 
the source power applied to the antenna and the DC 
bias power applied to the wafer pedestal are separately 
controlled RF supplies. Separating the bias and source 
power supplies facilitates independent control of ion 
density and ion energy, in accordance with well-known 
techniques. To produce an inductively coupled plasma, 
the antenna is a coil inductor adjacent the chamber, the 
coil inductor being connected to the RF source power 
supply. The coil inductor provides the RF power which 
ignites and sustains the plasma. The geometry of the 
coil inductor can in large part determine spatial distribu- 
tion of the plasma ion density within the reactor cham- 
ber. 

One problem with such a plasma reactor is that the 
spatial distribution of the plasma ion density across the 
wafer surface is often non-uniform. This is a problem in 
a metal etch process, for example, because the etch 
rate is affected by plasma ion density, and therefore the 
etch rate is non-uniform across the wafer. As a result, 
the etch process is difficult to control and over-etches 
devices on some portions of the wafer and under-etches 
devices on other portions of the wafer, leading to re- 
duced production yield. 

One of the causes of non-uniform plasma ion distri- 
bution is the coil geometry and location. Another cause 
is the shape of the plasma itself, which is largely deter- 
mined by the shape of the reactor chamber, particularly 
the reactor chamber ceiling. 

Generally, the coil inductor of an inductively coupled 
plasma reactor is wrapped around the reactor chamber, 
although it does not necessarily conform to the shape 
of the reactor chamber walls. Necessarily, different re- 
gions of the wafer surface are displaced from the near- 
est coil windings by different distances and therefore ex- 
perience different plasma ion densities. 

Depending upon the shape of the reactor chamber 
ceiling, more plasma volume is located over the wafer 
center and less over the wafer edges, particularly in the 
case of a conical or hemispherical ceiling, for example. 
Accordingly, there tends to be inherent spatial non-uni- 
formities in the ion flux density. 

A different approach is disclosed in U.S. Patent No. 



4 948 453 to James Ogle in which a plasma reactor has 
a flat ceiling and a lat coil antenna overlying the ceiling. 
However, this approach has generally been found to 
provide no improvement in plasma ion density uniform- 

5 ity and moreover suiters from relatively large capacitive 
coupling in the plasma, hindering control of the plasma 
ion energy A modilication of that approach is disclosed 
in U S Patent No 5.368.71 0 to Chen et ai . in which an 
attempt is made to adjust the plasma characteristics 

to such as density by increasing the thickness of the die- 
lectric chamber cover toward the center of the chamber. 
However, no versatile flexible way of adjusting plasma 
characteristics is facilitated with such a technique. 

U.S. Patent No. 5.346.578 assigned to Novellus 

15 discloses a reactor having an arcuate ceiling. However 
no versatile flexible way of adjusting plasma character- 
istics is facilitated with such a technique. 

Thus, there is a need for a plasma reactor which 
permits flexible versatile adjustment of plasma charac- 

20 teristics to optimize uniformity of plasma ion density dis- 
tribution. 

The invention is embodied in an inductively coupled 
RF plasma reactor for processing a semiconductor wa- 
fer, the reactor including a reactor chamber having a 

25 side wall and a ceiling, a wafer pedestal for supporting 
the wafer in the chamber an RF power source, appara- 
tus for introducing a processing gas into the reactor 
chamber and a coil inductor adjacent the reactor cham- 
ber connected to the RF power source, the coil inductor 

30 including (a) a side section facing a portion of the side 
wall and including a bottom winding and a top winding, 
the top winding being at a height corresponding at least 
approximately to a top height of the ceiling, and (b) a top 
section extending radially inwardly from the top winding 

35 of the side section so as to overlie at least a substantial 
portion of the ceiling. Preferably, the ceiling includes a 
dome-shaped ceiling which can be a multi-radius dome- 
shaped having a minimum radius of curvature near a 
periphery of the ceiling and maximum radius of curva- 

40 ture near an apex of the ceiling. Preferably, the top sec- 
tion is a flat disk-shaped coil while the side section is 
ether a cylindrically-shaped coil, truncated conically- 
shaped coil whose radius decreases from bottom to top 
or a curved-shaped winding whose radius decreases 

45 from bottom to top. In one embodiment, the side section 
and the top section are formed as a single continuous 
coiled conductor, in another embodiment, the top sec- 
tion and the side section are separate windings and 
wherein the RF power source includes a pair of inde- 

50 pendent RF power sources, each of the independent RF 
power sources being connected to a respective one of 
the top section and the side section so as to enable in- 
dependent control of RF power in each one of the top 
section and the side section. 

55 The following is a specific description of some spe- 
cific embodiments of the invention reference being 
made to the accompanying drawings, in which: 

FIG. 1 is a simplified cut-away side view of an in- 
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ductively coupled RF plasma reactor corresponding to 
a first embodiment of the invention. 

FIG 2 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a second embodiment of the invention 

FIG 3 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a third embodiment of the invention. 

FIG. 4 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a fourth embodiment of the invention 

FIG. 5 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a fifth embodiment of the invention. 

FIG. 6 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a sixth embodiment of the invention. 

FIG. 7 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a seventh embodiment of the invention. 

FIG. 8 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a eighth embodiment of the invention. 

FIG. 9 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a ninth embodiment of the invention. 

FIG. 10 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
a tenth embodiment of the invention. 

FIG. 11 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
an eleventh embodiment of the invention. 

FIG. 12 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
an twelfth embodiment of the invention. 

FIG. 13 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
an thirteenth embodiment of the invention. 

FIG. 14 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
an fourteenth embodiment of the invention. 

FIG. 15 is a simplified cut-away side view of an in- 
ductively coupled RF plasma reactor corresponding to 
an fifteenth embodiment of the invention. 

FIG. 16 illustrates an embodiment corresponding to 
FIG. 1 employing a coil inductor consisting of multiple 
concentric spiral conductors. 

FIG. 17 illustrates an embodiment corresponding to 
FIG. 5 employing a coil inductor consisting of multiple 
concentric spiral conductors. 

FIG. 18 illustrates an embodiment corresponding to 
FIG. 11 employing a coil inductor consisting of multiple 
concentric spiral conductors. 

FIG. 19 illustrates an embodiment corresponding to 
FIG. 14 employing a coil inductor consisting of multiple 
concentric spiral conductors. 

FIG. 20 illustrates a modification of the embodiment 
of FIG 19 in which different portions of the inductor are 



powered independently 

FIG 21 is a graph ol experimental data comparing 
the spatial distributions of plasma ton flux density for a 
coil inductor conformal with the dome ceilinq and for a 

5 right cylinder coil inductor 

The preferred embodiments of the invention de- 
scribed herein make reference to a plasma power 
. source employing a conductor connected to an RF pow- 
er source and overlying the plasma chamber ceiling, the 

to conductor preferably being a coiled inductor or antenna, 
for example, of particular shapes and ranges of shapes. 
However the invention also may be implemented using 
a plasma power source employing a conductor which is 
a capacitive electrode of the same particular shapes and 

'5 ranges of shapes, the coil windings being replaced by 
a single integral conductive film as the capacitive elec- 
trode. In either case, the conductor (i.e.. the coil wind- 
ings or the integral conductive film) defines or conforms 
to a three dimensional surface or shape lying within a 

20 range of shapes to be described below, such as a trun- 
cated cone, a cylinder a dome and a multi-radius dome, 
for example. 

The present invention enables the sculpting or ad- 
justing the shape of the plasma ion density by varying 

25 the shape of either or both the conductor and the ceiling. 
The ceiling shape is adjusted preferably by providing a 
multi-radius dome-shaped ceiling and individually ad- 
justing the different radii of the ceiling to achieve a de- 
sired ceiiing shape. The multi-radius dome embodiment 

30 of the ceiling is the preferred embodiment because it has 
greater plasma power efficiency than any other ceiling 
shape including a single-radius (hemispherical) dome. 
For a given ceiling shape, the conductor shape is ad- 
justed within a continuous range of shapes from a right 

35 cylinder shape at one extreme, to a shape exactly con- 
forming with the ceiling, to either a non-arcuate shape 
or a right cylinder shape at the other extreme of the 
range, as will be described below with greater particu- 
larity. 

■to These adjustments enable the plasma ion density 
to approach optimal uniformity across the wafer surface, 
thereby achieving optimum processing uniformity. Such 
adjustments affect the piasma ion density because the 
ion density is affected by three factors, namely ion dif- 
fusion, local ionization near the coil inductor and local 
recombination near surfaces such as the ceiling sur- 
face. In a reactor in which the distances between the 
wafer and the ceiling and between the wafer and the coil 
inductor are relatively short (e.g.. on the order of. but 

50 not necessarily limited to. less than 30 cm and 32 cm, 
respectively), the latter two factors (local ionization near 
the coil inductor and local recombination near the ceiling 
surface) are significant and the present invention can 
be employed to good effect. Thus, changing the coil in- 

55 ductor shape changes the spatial profile of local ioniza- 
tion near the coil inductor, while changing the multi-ra- 
dius ceiiing shape changes the spatial profile of the local 
recombination at the interior ceiling surface, thus re- 
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shaping Iho plasma ion density 

Referring lo FIG 1 an inductively coupled RF plas- 
ma reactor includes a reactor chamber having a ground- 
ed conductive cylindrical sidewall 10 and a dielectric 
ceiling 12. the reactor including a wafer pedestal 14 for 
supporting a semiconductor wafer 1 6 in the center of the 
chamber, a cylindrical inductor coii 18 surrounding an 
upper portion of the chamber beginning near the plane 
of the top of the wafer or wafer pedestal 1 4 and extend- 
ing upwardly therefrom toward the top of the chamber, 
a processing gas source 22 and gas inlet 24 for furnish- 
ing a processing gas into the chamber interior and a 
pump 26 for controlling the chamber pressure. The coil 
inductor 18 is energized by a plasma source power sup- 
ply or RF generator 26 through a conventional active RF 
match network 30 ; the top winding of the coil inductor 
18 being "hot" and the bottom winding being grounded. 
The wafer pedestal 14 includes an interior conductive 
portion 32 connected to a bias RF power supply or gen- 
erator 34 and an exterior grounded conductor 36 (insu- 
lated from the interior conductive portion 32). A conduc- 
tive grounded RF shield 40 surrounds the coil inductor 
18. 

In accordance with one aspect of the invention, uni- 
formity of the plasma density spatial distribution across 
the wafer is improved (relative to conical or hemispher- 
ical ceilings) by shaping the ceiling 1 2 in a multi-radius 
dome and individually determining or adjusting each 
one of the multiple radii of the ceiling 12. The multiple- 
radius dome shape in the particular embodiment of FIG. 
1 somewhat flattens the curvature of the dome ceiling 
1 2 around the center portion of the dome, the peripheral 
portion of the dome having a steeper curvature. The 
multiple-radius dome ceiling of FIG. 1 has two radii, 
namely a 15 inch (37.5 cm) radius R at the top and a 3.5 
inch (8.75 cm) radius r at the corner. In another embod- 
iment, the top radius R is 13 inches (32.5 cm) while the 
corner radius r is 4 inches (10 cm). 

In accordance with one feature of the invention, 
there is an approximately 10 cm (4 in.) space or hori- 
zontal distance between the circumferential edge of the 
wafer 16 and the inner surface of the dome 1 2 intersect- 
ed by the plane of the wafer surface. This assures uni- 
form plasma processing of the wafer substantially free 
of edge effects. Depending upon application, this space 
may lie in the range of about 8 cm to 15 cm. but is not 
necessarily limited thereto. 

As illustrated in FIG. 2. the coil inductor 18 may be 
coupled to the RF power source 28, 30 in a mirror coil 
configuration disclosed in co-pending U.S. application 
Serial No. 08/277.531 filed July 18. 1 994 by Gerald Yin 
et al.. entitled "PLASMA REACTOR WITH MULTI-SEC- 
TION RF COIL AND ISOLATED CONDUCTING LID" 
and assigned to the present assignee. In the mirror coil 
configuration of FIG. 2. the RF source 28. 30 is connect- 
ed to the center winding of the coil inductor 18 while the 
top and bottom ends of the coil inductor are both ground- 
ed. As described in the above-referenced application by 



Gerald Yin et a! the mirror coil configuration has the 
advantage of reducing the maximum potential on the 
coil 

The plasma density distribution may be varied from 

s that obtained in the embodiment of FIG 1 by providing 
a partial conical coil inductor 40 as illustrated in FIG. 3 
instead of the cylindrical coil inductor The upper wind- 
ings of the conical coil inductor 40 of FIG. 3 are closer 
to the wafer 16 than are the upper windings of the cylin- 

io drical coil inductor 13 of FIG. 1 As illustrated in FIG. 4 ; 
the conical coil inductor 40 may be coupled to the power 
source 28. 30 in a mirror coil configuration analogous to 
that described above with reference to FIG. 2. 

FIG. 4 shows that the truncated conical coil inductor 

is 40 is spaced away from the ceiling 12 near the bottom 
corner of the ceiling more so than other locations along 
the ceiling/coil interface, due to the non-conformality be- 
tween the conical coil shape and the arcuate ceiling 
shape. This feature advantageously suppresses sput- 

20 tering at the bottom corner of the ceiling 1 2. For this rea- 
son, in many applications a conductor (coil inductor or 
capacitive electrode) which is nonconformal with the 
shape of the ceiling is preferred. 

FIG. 5 illustrates a first embodiment of the hybrid 

2S coil inductor 42 of the invention. The hybrid coil inductor 
42 preferably is wound continuously from the same con- 
ductor as a unitary coil having a cylindrically shaped por- 
tion 44 and terminating in a shallow top portion 46. The 
cylindrically shaped portion 44 is generally configured 

30 in a manner similar to the inductor 1 8 of FIG. 1 . The en- 
tire coil inductor 42 is energized by the same power 
source 28, 30. The embodiment of FIG. 5 is coupled to 
the power source 28, 30 in the same manner as the em- 
bodiment of FIG. 1 in which the top winding 42a is RF 

35 "hot" while the bottom winding 42b is grounded. More- 
over, the top winding 42a of the hybrid coil inductor 42 
is both the top winding 44a of the cylindrical portion 44 
as well as being the outermost winding 46a of the shal- 
low top portion 46. The end of the innermost winding 

■iO 46b of the top portion 46 is also grounded as shown in 
FIG. 5. 

FIG . 6 illustrates how the embodiment of Fl G. 5 may 
be modified by moving the connection of the power 
source 28. 30 to a winding other than the top winding 
42a, such as the middle winding 44c of the cylindrical 
portion 44. FIG. 7 illustrates a modification in which the 
shallow top portion 46 has an empty space or opening 
48 of inner radius r. This inner opening can compensate 
for the tendency of the top portion 46 to provide a higher 

so plasma ion density at the wafer center, so that the em- 
bodiment of FiG. 7 provides a more uniform plasma ion 
density wrth the opening 48 than the embodiments of 
FIGS. 5 or 6 in general. 

FIG. 8 illustrates a second embodiment of the hy- 

55 brid inductor consisting of the shallow top portion. 46 and 
a conical side coil 50 corresponding to the conical coil 
inductor 40 of FIG. 3 in lieu of the cylindrical portion 44 
of FIG 5. As in the embodiment of FIG. 5. both portions 
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46 50 of (he coil are wound from the same continuous 
conductor and a single power source 25 30 connected 
lo the top winding 50a energizes the whole coil inductor 
FIG 9 illustrates how the power source 23. 30 may be 
connected to a winding other than the top winding 50a. s 
as in FIG 6. FIG 10 illustrates how a center opening 48 
may be provided in the top coi! portion 46 in combination 
with the conical side coil 50. 

FIG. 11 illustrates a third embodiment of the hybrid 
coil inductor of the invention in which the cylindrical side io 
portion 44 or the conicai side coil 50 are replaced by a 
curved-section (e.g.. dome) shaped coil 52 : with the 
power source 28. 30 being connected to the outermost 
winding 46a of the top portion 46. As in FIG. 5. both coil 
portions 46. 52 are continuously wound from the same '5 
conductor and energized with one power source 28, 30. 
In FIG. 11 , the center or top coil portion 46 is the most 
shallow while the side or bottom coil portion 52 is the 
steepest, the top coil portion most closely conforming 
with the shallow shape of the center of the multi-radius 20 
dome ceiling 12, this conformality diminishing radially 
away from the center, in an alterative embodiment, the 
entire coil inductor 46, 52 may be of exactly the same 
shape as the ceiling 12 for complete conformality. 

FIG. 1 2 illustrates how the opening 48 in the top por- 2S 
Won 46 may be combined with the curved-section side 
coil 52. In embodiments such as that of FIG. 1 2 in which 
the conductor (coil inductor 52 or capacitive electrode 
of the same shape) is at least nearly conformal with the 
dome ceiling, the ion current density tends to be higher 30 
near the wafer center and therefore undesirably nonu- 
niform, provided that the highest part of the ceiling (the 
center) is at least 75 cm (3 in.) above the wafer. (A lesser 
height, such as 50 cm or less, causes the ion current 
density near the wafer center to be lower than at other 35 
portions of the wafer due to recombination effects near 
the ceiling.) The problem of excessive ion current den- 
sity at the wafer center is solved by the aperture 48 be- 
cause the aperture 48 reduces the ion current density 
at the wafer center to a level which is generally uniform ^0 
with the ion current density around the remainder of the 
wafer, depending upon the radius of the aperture 48. 
Preferably, for example, a 50 cm diameter chamber for 
processing a 30 cm diameter wafer with a nearly con- 
formal conductor (e.g., coil inductor) as that illustrated -*s 
in FIG. 12 would require the aperture 48 to be in the 
range of 15 cm to 25 cm in diameter in-order to provide 
uniform ion current density across the wafer surface. As 
another example, a 35 cm diameter chamber for 
processing a 20 cm wafer would require the aperture 48 so 
to be in the range of about 10 cm to 20 cm. 

Implementations of the embodiment of FIG. 12 in 
which the coil inductor 52 is conformal with the ceiling 
12 readily ignite the plasma, in comparison, although 
the non-conformal embodiments such as the conical coil 55 
inductor of FIG. 4 less readily ignite a plasma, they bet- 
ter suppress sputtering near the lower ceiling corner, as 
discussed above. Therefore, at plasma source power 



levels above 2000 Watts the embodiment of FIG 4 is 
preferred while at plasrnn source power levels below 
2000 Watts the embodiment of FIG 12 (with a cetling- 
conformal coil shape and aperture) is preferred. 

FIG. 13 illustrates how the embodiment of FIG 5 
may be modified by electrically separating the portions 
44. 46 of the unitary coil and energizing each coil portion 
44. 46 with separately controllable independent RF 
power sources 28. 30 and 28'. 30V This feature has the 
advantage that the plasma ion density in the wafer cent- 
er may be controlled relative to the plasma ion density 
elsewhere by changing the power output of one of the 
power sources 30. 30' relative to the other. FIGS. 1 4 and 
15 illustrate how the same modification may be made to 
the embodiments of FIGS. 8 and 11 respectively. 

The dual power supply embodiments of FIGS. 
13-15 may be used to reduce, if desired, the plasma ion 
density at the wafer center by increasing the power to 
the flat top portion of the coil from RF source 28', 30' or 
decreasing it in the case of insufficient plasma ion den- 
sity at the wafer center. Further adjustments of the pow- 
er input are possible to bias the pedestal and substrate, 
relative to the power inputs to the coil portions. 

Referring to FIG. 16, the cylindrical coil inductor 18 
of FIG. 1 may be replaced by a multiple spiral coil induc- 
tor 60 consisting of plural (e.g., three) concentric spiral 
conductors 62, 64. 66 connected to a common apex 68 
by respective straight conductors 62a. 64a, 66a. The RF 
match network 30 is connected to the apex 68 while the 
ends 62b : 64b, 66b of the spiral conductors 62, 64, 66 
are connected to ground. Preferably, the spiral conduc- 
tors 62. 64, 66 are of equal lengths so that the ends 62b, 
64b, 66b are equilaterally spaced about an arc. Such a 
multiple spiral coil inductor is disclosed in U.S. patent 
application Serial No. 08/332,569 filed October 31 , 1 994 
by Xue-Yu Qian et al. entitled "INDUCTIVELY COU- 
PLED PLASMA REACTOR WITH SYMMETRICAL 
PARALLEL MULTIPLE COILS HAVING A COMMON 
RF TERMINAL" and assigned to the present assignee. 

Referring to FIG. 17. the right-cylinder shaped coil 
inductor 42 of FIG. 5 may also be replaced by a multiple 
spiral coil inductor 60' like that of FIG. 16. In FIG. 17. 
the multiple spirals continue from the outer circumfer- 
ence of the multiple spiral coil inductor 60' to the apex 
68. 

Referring to FIG. 1 8. the dome-shaped coil inductor 
of FIG. 11 may be replaced by a dome-shaped multiple 
spiral coil inductor 60" consisting of plural (e.g.. three) 
concentric spiral conductors 62". 64". 66" connected at 
a common apex 68". in one variation generally applica- 
ble to multiple spiral coil inductors disclosed herein, the 
apex 68" and the ends of all multiple spiral conductors 
62". 64". 66" are grounded while the RF match network 
30 is connected to mid-points along each of the multiple 
spiral conductors 62". 64". 66" (similar to the mirror-coil 
configurations of FIGS. 2. 4. 6. 8. 9 and 1 1 for example). 
This divides each multiple spiral conductor 62" 64" 66" 
into two sections, although the number of sections may 
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bo greater than two For two sections, the sections are 
mirror coils For this purpose adjacent sections are op- 
positely wound (wound in opposite directions) so that 
the magnetic fields from all sections add constructively, 
as described in both (he above referenced applications 
by Yen et al and by Oian et al This illustrates how any 
embodiment employing multiple spiral cot! inductors 
may be modified in accordance with a mirror coii con- 
figuration to provide multiple coil sections, as described 
in detail in the above-referenced application by Xue-Yu 
Qian et al. 

Referring to FIG. 19. the truncated conical coil in- 
ductor 46 of FIG. 14 may be replaced by a multiple spiral 
coil inductor 80 of the same shape consisting of plural 
(e. g. . three) concentric spiral conductors 82. 84. 86 con- 
nected at a common apex 88 Referring to FIG. 20. as 
yet another modification applicable to any of the multiple 
spiral coil inductors disclosed herein, the coil inductor 
80 is divided into two separately powered sections : a 
top section 80a and a bottom section 80b. The two sec- 
tions 80a ; 80b are powered independently by separately 
controllable RF generators 28, 28' and RF match net- 
works 30, 30' : respectively. In yet a further modification, 
eliminating the upper portion 80a provides an inductor 
(80b) having a central aperture as in the embodiments 
of FIGS. 10 and 12 described previously herein. In this 
manner both the benefits of optimizing control over 
many other plasma-related factors may be obtained si- 
multaneously. 

In summary, the embodiments of FIGS. 1 through 
20 generally include an arcuate-shaped non-conductive 
or dielectric ceiling 1 2 which may be a dome and pref- 
erably a multiple-radius dome supported in facing 
spaced overlapping relationship with the wafer pedestal 
32 t 36. The central portion of the ceiling 12 is centered 
relative to the coil inductor 18 and relative to the wafer 
pedestal 32. 36 and has the largest radius and the pe- 
ripheral or circumferential portion of the ceiling 12 has 
the smallest radius, so that the central portion overlying 
the center of the wafer pedestal 32, 36 is the most shal- 
low or flattest and constitutes a substantial fraction of 
the diameter of the ceiling 12 while the remaining pe- 
ripheral portion is the steepest or most curved. Prefer- 
ably, the inductor 18 is a wound coil preferably wound 
in a multi-radius shape as in FIGS. 11 or 1 2, but ranging 
between the right cylinder shape of FIGS. 1 and 2 to the 
planar shape of the top portion 46 of the coil inductors 
^of FIGS. 5-14. the preferred conical and multi-radius 
shapes lying within this range. The preferred multi-radi- 
us coil inductors 52 of FIGS. 11 and 12 are either con- 
formal with the multi-radius curvature of the ceiling 12 
(as in FIG. 12) are non-conformal (as in FIG. 11). Intact, 
all of the embodiments except that of FIG. 12 have coil 
inductors whose shapes are non-conformal with the 
multi-radius dome-shaped ceiling 12 In general, for a 
non-conformal coil inductor, the inductor (e.g.. the multi- 
radius inductor 52 of FIG. 11) has at least one zone of 
an intermediate radius (from the center of inductor) 



which is axtally spaced from the ceiling 1 2 to a greater 
degree than other zones fe g.. the center portion 46) of 
the inductor as is the case with the embodiments of 
FIGS. 5-9 and 12 In the case of the preferred multi-ra- 
5 dius inductor 52 the central portion <e g.. the central 
portion 46 of FIG. 11 j of the inductor is most nearly flat 
and is closest to the ceiling 1 2 and has a maximum ra- 
dius of curvature at its center (46; and a minimum radius 
of curvature at is periphery, if there are only two radii of 

to curvature of the multi-radius inductor, then the maxi- 
mum radius of curvature extends to an intermediate por- 
tion inward from the periphery while the minimum radius 
of curvature extends from the periphery to the interme- 
diate portion. Alternatively, it is desirable for there to be 

?5 many radii progressing monotonically from the maxi- 
mum at the center to the minimum at the periphery of 
the inductor. In preferred embodiments such as the em- 
bodiments of FIGS. 7, 10, 12 and 20, the inductor de- 
fines a central aperture or hole (e.g., the hole 48 of FIG. 

20 10), which has the advantage of providing a way of 
sculpting the plasma density by reducing the radiated 
RF power at the center of the inductor. This feature is 
particularly complementary to the embodiments of 
FIGS. 5-15 having central flat inductor portions 46. 

25 Of the foregoing feature, each may be suitably com- 
bined with others of these features and each may be 
exaggerated or minimized to achieve a multi-faceted 
sculpting of . the spatial distribution of plasma density. 
Specifically, many useful coil shapes for optimizing plas- 

30 ma density distribution will be non-conformal relative to 
the ceiling shape, in that an intermediate radial zone of 
the coil shape will be spaced away from the ceiling sur- 
face in the axial direction to a greater degree than those 
portions of the coil nearest the center of the ceiling (as 

35 in FIG. 11 . for example). An advantage is that sputtering 
of the ceiling is reduced where this spacing is significant 
near the bottom comer of the ceiling. 

The graph of FIG. 21 illustrates how adjusting the 
shape of the coil inductor adjusts the plasma ion density 

40 spatial distribution. The vertical axis is the plasma ion 
density while. the horizontal axis is the radial distance 
from the wafer center. The data points denoted by the 
empty circle symbols represent experimental data ob- 
tained with a coil inductor conforming the with the mul- 

•*s tiple radius dome ceiling. The data points denoted by 
solid diamonds denote experimental data obtained with 
a right cylinder-shaped coil inductor. The graph of FIG. 
20 shows that the right cylinder-shaped coil inductor 
provides a flatter ion density distribution compared with 

so that obtained with the conformal (dome-shaped) coil in- 
ductor. 

With the multi-radius dome ceiling, the chamber 
pressure may be varied to sculpt the ion current distri- 
bution across the wafer surface Specifically, in order to 
55 correct for excessive ion current density at the wafer 
center, the pressure should be increased, while the 
pressure should be decreased to correct inadequate ion 
current density at the wafer center. For example, in the 
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case of a conformal coil as in FIG 1 2 with a 10 cm quartz 
dome ceiling and applied plasma source power of 1 500 
Watts the ideai chamber pressure is on the order of 
about 1 0 mTorr for optimizing ion current distribution uni- 
formity 

Similarly the applied plasma source power (e g 
from the RF source 23) may be varied to sculpt the ion 
current distribution across the wafer surface Specifical- 
ly, in order to correct for excessive ion current density 
at the wafer center, the RF power should be decreased, 
while the RF power should be increased to correct in- 
adequate ion current density at the wafer center. For ex- 
ample, in the case of a conformal coil as in FIG. 12 with 
a 1 0 cm quartz dome ceiling and applied plasma source 
power of 1500 Watts, the ideal RF power level from the 
RF source 23 is on the order of about 1500 Watts for 
optimizing ion current distribution uniformity. 

While the invention has been disclosed with refer- 
ence to application in metal etch plasma reactors, it is 
also useful with plasma reactors for performing semi- 
conductor (silicon) etch, dielectric (e.g., silicon dioxide) 
etch, chemical vapor deposition, physical vapor depo- 
sition and the like. 

Each one of FIGS. 1-20 illustrates how the plasma 
reactor chamber is irradiated with plasma source RF 
power by a conductor overlying the chamber ceiling and 
having a particular shape conforming with a three di- 
mensional surface such as a cone, cylinder or dome. 
While each of these figures shows how that conductor 
may be a coiled inductor it should be understood that 
the conductor may instead be a capacitive electrode of 
the same shape (same three dimensional surface). !n 
either case, the pedestal 36 is not necessarily connect- 
ed to an RF bias source, and preferably is not so con- 
nected in the case in which the conductor is a capacitive 
electrode rather than a coil inductor. 

While the invention has been described in detail by 
specific reference to preferred embodiments, it is under- 
stood that variations and modifications thereof may be 
made without departing from the true spirit and scope 
of the invention. 



Claims 

1. A plasma reactor, comprising: 

a reactor chamber (14) comprising a generally 
arcuately-shaped ceiling (12): 
a wafer pedestal (36) for supporting a wafer for 
processing, said ceiling being supported in fac- 
ing spaced overlapping relationship with said 
pedestal: 

means (24) for introducing a processing gas in- 
to said chamber: 

an RF power source (28. 30): and 

a conductor (18) adjacent said ceiling coupled 

to said RF power source and having a shape 



lying within a range of shapes said range ex- 
tending from and including a shape conformal 
with said generally arcuately-shaped ceiling to 
and including a right-cylindrical shape 

5 

2. The reactor of Claim 1 wherein said ceiling has a 
multi-radius dome shape having a minimum radius 
of curvature near a periphery of said ceiling and 
maximum radius of curvature near an apex of said 

w ceiling. 

3. The reactor of Claim 2 wherein said conductor is a 
coil inductor. 

is 4. The plasma reactor of Claim 3 wherein said RF 
power source comprises plural independent RF 
power supplies (30. 30') and said coil inductor com- 
prises plural independent coil sections separately 
connected to respective ones of said plural inde- 

20 pendent RF power supplies. 

5. The plasma reactor of Claim 3 wherein said coil in- 
ductor comprises multiple concentric spiral conduc- 
tors (62, 64, 66). 

25 

6. The plasma reactor of Claim 3 wherein said coil in- 
ductor comprises plural oppositely wound sections 
connected across said RF power source. 

so 7. The reactor of Claim 3 wherein the shape of said 
coil inductor is such that said coil inductor includes 
a shallow top portion at least overlying said cham- 
ber and a steep bottom portion extending down- 
wardly from said top portion. 

35 

8. The reactor of Claim 3 wherein the shape of said 
coil inductor is at least partially a dome shape. 

9. The reactor of Claim 7 wherein said steep bottom 
40 portion is a truncated cone. 

10. The reactor of Claim 7 wherein said steep bottom 
portion is a cylinder 

45 11. The reactor of Claim 7 wherein said steep bottom 
portion is dome-shaped. 

12. The plasma reactor of Claim 1 wherein said con- 
ductor has at least one zone at a radial distance 

so from the center of said ceiling which is also spaced 
from said ceiling to a greater degree than other 
zones of said conductor. 

1 3. A reactor as in claim 1 in which said conductor com- 
55 prises a coil inductor wound about said wall portion 

and defines a central aperture of a diameter which 
is less than that of said ceiling. 
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14. A reactor as in claim 13 in which said coil inductor 
approaches a flat shape adjacent the center of said 
ceiling. 

15. A reactor as in claim 14 in which said coil inductor 
is of a multi-radius shape 

16. The reactor of Claim 1 wherein said ceiling ap- 
proaches a flat configuration over a substantial frac- 
tion of its diameter over the center of the pedestal. 

1 7. The reactor of Claim 1 6 wherein said conductor has 
a maximum radius of curvature at a first radial po- 
sition near the center of said ceiling, said conductor 
having a minimum radius of curvature at a second 
radial position outwardly of said first radial position. 

18. A reactor as in claim 17, wherein said conductor 
comprises a coil inductor and said first radial posi- 
tion is spaced a first distance from said center and 
said coi! inductor is wound about said ceiling begin- 
ning with said first distance and extending outward- 
ly therefrom. 

19. A reactor as in claim 18, in which said coif inductor 
generally conforms to the shape of said ceiling. 

20. A reactor as in claim 18, in which said coil does not 
conform to the shape of said ceiling. 

21. A reactor as in claim 18 in which said second radial 
position of said coil inductor is positioned radially 
inwardly with respect to the periphery of said ceiling. 

22. A reactor as in claim 21 in which said coil inductor 
is positioned adjacent said ceiling at said first radial 
position, and is spaced from said ceiling at said sec- 
ond radial position. 

23. A reactor as in claim 22 in which said second radial 
position of said coil inductor positioned radially in- 
wardly with respect to the periphery of said ceiling. 

24. The reactor of Claim 3 wherein said coil inductor 
comprises: 

(a) a side section facing a peripheral portion of 
said ceiling and comprising a bottom winding 
and a top winding, said top winding being at a 
height corresponding at least approximately to 
a bottom height of said ceiling. 

(b) a top section extending radially inwardly 
from said top winding of said side section so as 
to overlie at least a substantial portion of said 
ceiling. 



26. The reactor of Claim 24 wherein said side section 
is a cylindrically-shaped coil. 

27. The reactor of Claim 24 wherein said side section 
5 is a truncated conically-shaped coil whose radius 

decreases from bottom to top. 

28. The reactor of Claim 24 wherein said side section 
is a curved-shaped winding whose radius decreas- 
ed es from bottom to top. 

29. The reactor of Claim 24 wherein said top winding 
has a radially innermost winding, and said side sec- 
tion and said top section are formed as a single con- 
's tinuous coiled conductor having two ends, one of 

said ends being a termination of said bottom wind- 
ing and the other of said ends being a termination 
of said radially innermost winding of said top sec- 
tion. 

20 

30. The reactor of Claim 29 wherein said RF power 
source is connected to an intermediate winding of 
said coil inductor between said innermost winding 
of said top section and said bottom winding of said 

25 side section and wherein each of said ends of said 
coil inductor are grounded. 

31. The reactor chamber of Claim 29 wherein said RF 
power source is connected to said top winding of 

so said side section and wherein each of said ends of 
said coil inductor are grounded. 

32. The reactor of Claim 24 wherein said radially inner- 
most winding of said top section has a radius com- 

35 prising a substantial traction of the radius of said top 
section, thereby forming an empty void at the center 
of said top section. 



33. A reactor as in claim 3. in which said inductor is of 
40 a shape, adjacent the periphery of said ceiling, 
which has a radius of curvature greater than that of 
the periphery of said ceiling, but which, adjacent the 
center of said ceiling, becomes similar in radius of 
curvature to that of the center of said ceiling. 

45 



50 



55 



25. The reactor of Claim 24 wherein said top section is 
a flat disk-shaped coil. 
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